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SUPERSONIC DYNAMIC-STABILITY DERIVATIVE-S OF

TttE SPACE SHUT]'LE LAUNCH VEHICLE

" f
Richmond P. Boyden, I)elma C. Freeman, Jr.,

and Edwin E. Davenport

Langley Research Center

SUMMARY ,

An investigation has been made to determine tile dynamit>stability characteristics of a

O.Ol5-scale model of the space shuttle launch vehicle at supersonic speeds. These tests were

made at angles of attack from -10 ° to I0 ° at Mach numbers of 2.00, 2.86, 3.96, and 4.63.

The complete launch vehicle, consisting of the orbiter, external tank, and solid rocket boosters,

has positive damping in pitch, roll, and yaw over the angle-of-attack and Math number range.

The orbiter external-tank configuration has a region of negative pitch damping for small neg-

ative angles of attack at a Mach number of 2.00. At all other test conditions, the orbiter

external-tank configuration has positive damping about all three axes.

INTRODUCTION

As part of the space shuttle development effort, the Langley Research Center has spon-

sored a program to determine experimentally the dynamic-stability characteristics of the space

shuttle vehicle. The aerodynamic damping derivatives have been detemlined for the orbiter

at subsonic to hypersonic speeds (refs. I to 3) and for the launch vehicle during the ascent

flight from lift-off to transonic speeds (ref. 4). As part of this study, forced-oscillation

dynamic-stability tests of a 0.015-scale model of the space shuttle launch vehicle were made

at supersonic speeds in the Langley Unitary Plan wind tunnel. These tests were made at

Math numbers from 2.00 to 4.63, measuring the pitch, roll, and yaw damping as well as the

normal force due to pitch rate and the cross derivatives (yawing moment title t,) roll rate and

rolling moment due to yaw rate). The complete launch configuration and the orbiter external-

tank combination without the solid rocket boosters were tested. The ccnter-of-oscillalion

position was changed during the tests to take into account the wide w_riation in center-of-

gravity location during the Ilight of the launch vehicle, i _

SYMBOt.S

Thu acrotlynamic !_aranleters ill this paper are referred to the body ._y,_lcm ol axes a._

shown in figure I. The axes originate at the assulllcd ccnlcrs of o._cillalion which wcrc

located It) corl'CSl)tllld with the ¢clllcr-of-gravil.v {e.g.) Ilt)nilioils showll in figtlr¢ 2.

,t
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Tile refu'rcncc length used to nondimen,iionalizc all of tile acrodymunic pilrmnelers was

the orbiter I-ody Icnglh which is 0.4016 m (l'ot the ().Olfi-sc_de modeil. The reference _rea

tlst'd to Ilolldi,,ik'll,SiOll;llizu the ;.10rOdylltllnJ¢: ptlr;llllCtUl'S WtlS Ihc orl+iler witlg arc;= which i,s

0.05623 m2 (for lu,.' O.OI5-seale model).

Units of mezmurementarc presented in the Inlernutional System of Units (SI). See/
reference 5 for dot;dis on the use of the S! physical constants und conversion l.clors.

C t rolling-moment cocflicient, Rolling momcn! I

'I.<,S_
tl

J

_" Clp - _/pl/V per radian !
ol)

C1l_ - /,1_2,_ per radian

Clp + CI_ sin a damping-in-roll parameter, per radian

Clr = _, per radian

i - (_2'_ per radian

_; )v 2)

- C . cos o_ rolling moment due to yaw-rate parumt:ter, per radian
CIr l#

_)('l

C'l/3 = -ff_-, per radian

t3Cl

_2V/

('l/3 sin oz - k2Clt_ rolling momcnl duc to roll-displacement parmnctcr, per radian

2

A " ' i "
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cos a + ' effective dihedral pm'ameter, per radian

Pitching moment J

Cm pitching-nlonlent coefficient, q::S_

aCm

' Cmq - [_t_' per radian
a 2Vl

.. _Cm

Cmtl _ _2' per radian

Cmq + Cm& damping-in-pitch parameter, per radian

_Cm
Cmot = _. per radian

aCm
('m& - 1_9_' per radian

a

Cmct - k2Cm6 oscillatory longitudinal-stability parameter, per radian

CN normal-force coefficient, Normal force
%,S

CNq - aCN
a(2N__) . per radian

itCN

('N_ -" [t_2_ per radian

CNq + ('Nd _ normal force due to pitcll-ratc parameler, per radian

_CN
CNa "-'---_--, per ratiian

m

I
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_('N

_ k2CNti normal lorce title to pitch-displacement parameter, per radiant (.Na

Yawing moment

Cn yawing-monlcnt coefficient, tl_S_

ac n
C = _ per radian

np

aCn
Cn- - i o _\, per radianp /5)
Cn p + Cnl_ sin a yawing moment due to roll-rate parameter° per radian

aC n
- per radian

• Cnr a '_r/,_-_)'

a("n

('n_. _. . "> , per radian
a r£- ',i

i

- , cos _ damping-in-yaw parameter, per radian *
('n r .I('n

I

aCn ; 1Cnft = _ per radian ,t
11

ai'n

('n_ = _._, per radian

('n_ cos a + k2('n_, oscillalory divcctitmal-stahility parameter, per radian

s
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Cnfl sin _ -- k2Cnr _ yawing moment due to roll-disrd.,,.menl parameter, per radian I

I

/
f frequency of oscillation, hertz

co_
k reduced-frequency parameter, 2"--V in pitch, roll, and yaw, radians

reference length, orbiter body lel_gtil, meters "

M free-stream Math number

p angular velocity of model about X-axis, radians/second

q angular velocity of model about Y-axis, radians/second

q free-stream dynamic pressure, newtons/meter 2
OO

R Reynolds number, based on orbiter bod, '..'ngth,

r angular velocity of model about Z-axis, radians/second

S reference area, meters-

T tunnel-stagnation temperature, K

V free-stream velocity, meters/se ,d

o¢ angle of attack, degrees or radians

13 angle of sideslip, radians ._'

model roll-orientation angle, degrees

co angular velocity, 21rf. radians/sccond

A riot over a quantity indicates a first deriwltivc with respect to time.

5
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MODEL AND TEST APPARATUS

A drawing af the 0.015-scale model used for these tests is ,:h,,.wn i), figure 2. 'lhc

mode! consisted of tile space shuttl,." orbiter vehicle mounted ahr,ve tile exteln_d propellant

tank and the solid rocket boosters iSRB) moullted un the sid,:s of the propellant tank. The

model could be tested as a complete launch vehicle (orbiter. external tank and SRB) or

withouz the solid ru,:ket boosters as the orbiter externa!-lank combinati,n It) represent lilt'
I .

configuration after the solid rockets had been staged dttring launch or ,m abort sit,ration. i
- Details of the external propellant tank, solid rocket boosters, and tile front and rear attach- !

ment points are presented in figure 3. ' "_

The supersonic forced-oscillation tests were made in the Langley Unilary Plan wind
tunnel. Test section I was used for Mach numbers of 2.00 and 2.86 while Math numbers

of 3.96 and 4.63 were run in test section 2. The operating characteristics of the Unitary Plan

Tunnel are given in reference 6. Figure 4 shows a photograph of the model mounted in the

test section for the forced-oscillation tests. A description of the technique and the z:lea_,tre-

ment and reduction of data for the small-amplitude, forced-oscillation, dynamic-stability tests

are found in reference 2.

TESTS

The forced-oscillation dynamic-,stability tests were m_de to determine the pitch

_qCm + Cm''e¢) yaw _nrC- Cn'lJcos or),, and roll damping -,-(Cln+ Cl_. sin or);, the nomaal force
due to pitch rate (C_ + C_.'_; and the cross-derivative parameters: yawin!_, moment due to

roll rate it: n + (n" sm a| and the rolhng moment due to yaw rate lt_..- (1.,, cos
• \ P _3" ! , , \ t p /

The values of the nominal amplitude of the oscillation and of the range of the reduceu-frequency

parl_rn_'terduring the dynamic-stability tests were:

I

Oscillation axis Amplitude of oscillation. Reduced-frequency parameter,
degrees k, radians ,

Pitch I 0.00(_4 to 0.0174

Yaw 1 .0004 to .0159

Roll 2.5 .010g to .01q5
..............................................................

The longitudinal position of the model moment reference center was varied depending on '1
s 4h _,the configuration. ['he defini,ion of the positions used in the tests is presented in figure "_

i
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Tile tunnel dynamic pre._sure0velocity, stagnation temperature, and Reynolds mnnher

based nn the orhiter hotly length were:

Dynamic Slai:nation J
Math number. Pressure, Vch)cily, lemperalure, Reynolds numl_e|',

"_ V, fill._eC RM q . kb',m- T, K I

I2.00 22.7 55() 33_) 3.._ X I()t_

3.t)t_ 14.1 733 353
I /

4.(,3 I 1.2 758 I 353.......... ¢

For the Math numbers of 2.00 and 2.8t_, three-dimensional roughness in the form of _

sparsely distributed No. 60 carborundum grains was applied in bands O.lt_ cm wide located

1.27 cm l'rom the leading edge of the orbiter wing and vertical tail. Similar bands were

applied in rings around tile nose of the orbiter, the external tank, and the solid rocket

boosters, 3.05 cm rearward from the nose of each. For lhe higher Math numbers of 3.90

and 4.03, single particles of No. 45 carborundum grains were spaced approximately 0.16 cm

apart in the same locations as noted previously for the lower Math numbers.

The angle of attack was varied from about -lO ° to IO°. Because the dynamic-stability

sting is mounted 10.5 cm below the center line in both test sections of the Langley Unitary

Plan wind tunnel, the model had to be inverted to obtain the negative angles of attack. No

data were taken at a Math number of 2.00 at angles of attack between -I ° and -4 ° because

of a reflected shock impingement upon the model vertical tail.

!' RESULTS AND DISCUSSION

The complexity of tile flow field surrounding tile launch veb.icle configurations _ super-

so_fic speeds is illustrated by tile series of typical schlieren photographs in figure 5. The i

photo,graphs show tile orbiter external-tank configuration at Math numbers of 2.00 and 3>)(,

and tile complete launch configuration at a Math number of 4.63.

Pitch Oscillation Tests

The complete results of the pitch oscillation tests are presented in figures o to 9. The

data in the figures are identified by model roll-orientation angle q_ of either 0° or 180°

because the model had to be inverted for the negative angles of attack.

The pitch-damping results for the shuttle launch configuratior at the center-of-gravity

posntiotl for both the maximunl tlytmmic-pressurc case \(I}laX' tlo,o_/ alld for tile :iolid locket

t

1976010088-TSA10



booster (SR,B) burnout case are shown in figure 6 Tl',is configuration cxhihited po:;itive

daml_ing in p_tch (negative values of C,_, + C...,'_ throughout the range of ;ingle of altack,,q ,io¢/
and Maeh number. There are only small effects on lhe pitch damping from the change in

t center-of-gravity position while the change in level of the oscillatory longitudinal stability /

m¢_ - k"Cm'_ ts evtdent as expected I'rc:_ the ,,hift in cc_;ter of gravity. The ccnter-_ffq
gravity po._ition/for maximum dynamic pressure results in regions of low or slightly unstahle

values of the oscillatory longitudinal-stability panuneter. The scatter evident in the data points

for the two lower Much munbers, 2.00 and 2.86. is greater than that at the twc_ higher Much

numbers, 3.96 and 4.03. A similar effect may also be seen in the yaw and roll results. 'this

-- scatter, evident at the lower Mach numbers, is thought to be a result of a higher level of

tunnel turbulence in the low Much number test section.

In order to provide information for use in abort and staging studies, tests were made on

the orbiter exteraal-tank combination with the center of gravity corresponding to the vehicle

center of gravity after staging the solid rocket boosters. These results are shown in figure 7.

(p + Cma ) at small negative anglesThere is a region of negative damping -_itive values of Cmq
of attack for a Much number of 2.00.- As previously mentioned, there is a gap in all of the

bl = 2.00 results because of a reflected shock wave striking the m,_del when it was in the

inverted position at low angles of _:ttaek. At M = 2.00, the value , _"the damping-in-pitch

parameter was a s_.rong function of angle of attack for the negative ant'e-of attack range. For

Much numbers higher than 2.00 the damping in pitch for the orbiter external-tank combination

was positive and relatively insel:sitive to angle of attack. The orbiter external-tank combination

had stable values of the oscillatory longitudinal-stability parameter over the entire range of test

conditions.

The normal force due to pitch rate and the normal force due to pitch-di'.;placement

results are shown in figures 8 and 9. Both the maximrm dynamic-pressure ¢onfi_tlr:;tio!a and

the solid-rocket burnout configuration (fig. 8) have val-les that show only sn',dl changes in the

normal force due to pitch rate with angle of attack, q'lle normal force :!tte to pitch-
• • • * t * _ * _ • | t I

displacement parameter, which is analogous to the static (N ' tl¢creascs wita increasing Mat',l

number. The wdues of CN. + CN. for the orbiter external-tanl: ctmfiguralio3a. Ifig. t_,

show more variation with angte of attack than did the other two :onl_gurations.

Yaw ()._cilhition rests

For tile yaw and roll tests, the laun,'h conl'igurali_m was tested emly at the ccnlcr-¢)f

gravity W.)sition corresponding It) the InaxJnltlln tlynanlic-laresstlre contlilit)n, l'hc re._tlll_ _)1"llle

oscillalic)n lesls hi yaw are contained in figtlrcs I(1 and Ii where the dalnpitlg-i_a-yaw parameter

'nr - Cii0 cos _) and lhc _s,:illat_ry direc(i_mal-slability paramelcr 'n_/



plotted against anl;le of atl;ick. Both tile nlated ,/el'icl,: and tile orbiter external-tank combi-

llaliOll are Seell lo IIilVe p_sitive thlnlping in yaw egalive VlllllUSnl (n r - (i1_ cos over
, tile angle-of-attack Ilild Math ntnnher range. "Vile level of tile yaw damping generally tlecreo_::

with increasing Maq:ll number. There arc positive values of the oscillatory directional-stability

paramc,' fi_r both co,lfiguratiolaS over the range of lesl condi|ions, hut the parameter generally

I decreases ill vahle with holh increasing angle of att;ick and Math number. The orl_iter external-

tank configuratioll has a higher level of oscillatory directional slability tlfan the hmnch configzura-

tion, but there is a large tliflL'rcnce in center-of-gravity position hetween the two configur:ltions.

Tha rolling moment dll¢ Io yaw-rate parameter and file eflL'ctive dihedral paranleler are

presented i,i ligures 12 and 13 for the mated vehicle and fox tile orbiter exlernal-lank combi- ¢

nation. Both conligurations have generally small positive values of the rolling nloment dtle to

yaw-rate parameter and negative values of the effective dihedral parameter indicating positive
dihedral effect.

Roll Oscillation Tests

The results of the roll oscillation tests are shown in figures 14 and 15 ill the fonu of

_(("t._+ Ct,3_,sin c_ and tile rolling moment title to

,it

the roll-damping palanleter roll-displacenlent

parameter -l_,((,, sm 0¢ - k-( lt._I. The launch conttgllratlon and orbiter external-tank conhgur,ltlon

positive''\ . . h, .... (lp (l_J" " ' ' 'have damplllg ill roll _legatlve el'LieS (,| + sin o_) over the MaclI I|Llln[')(2r and
!

angle-of-attack range. Only snlall differences in the level of roll danlping are evident between

the two configurations as a result of removing the solid rocket boosters.

The yawing molnei_t due to roll-rate parameter/ \(Cop + Cn;a_sin o'_/and the
yawing

moment due to roll-displacement parameter ICn sin o_ - k2('n,_ - test results are contained in
t_ '/ 1figures 16 and 17. Values of the yawing moment due to roll-rate parameter were positive

througllout tile range of test conditions for both the complete launch configuration and for

tile orbiter external-tank configuration.

SUMMARY OF RESUL:g

An investigation has been made to detcrtnine tht, dynamic-stability characteristics of a

O.Oi5-scalc inotlel of the space shutile launch vehicle at supersonic spcctls. These tests wcrc

made at angles of attack fronl -10 ° to 10° at Math numbel's of 2.00. 2.8(_, 3.t)6, and 4.(_3.

The results of these tests may be summarized as follows:

I. lhc complete launch vehicle, consisting of" the orhiter, external tank, and solid rocket

boosters, has positive damping in pitch, roll, and yaw over tile angle-of-att_,ck and Math ntnnber i

range.

t

i

.0

1976010088-TSA12



2. The nrbiter extemul-t";N ,:_J,ffipuratioll ll;i.,.;_l re_,i_m¢_1"ne_;llivc pitch dallllfilly_ It_r _mall

neAmtive ai|l-,le_ of altack ;it a ).4achnuml;er ,)f 2.00. At all (_ther te_t c,mditi,ms, the (_rhiter

eXlel'll_d-tankctJrd'igl.lraih_nh;m positive d_=lnpi=lg;=hoLt!;=11three ;=xe._.
/

Lungley Re,search('enter

N=lticm=flAeronatii]¢s ;ind ,_p,|¢e Admildslr=ttilm

I)e_:ember b_, 1975
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